The identification of acute pyelonephritis (APN) is still a challenge. Methods: Patients admitted for their first urinary tract infection (UTI) were enrolled. Plasma neutrophil gelatinaseassociated lipocalin (NGAL) levels were measured at admittance and after treatment. Laboratory, clinical, and imaging results were compared between children with and without APN. results: A total of 123 patients were enrolled (53 APN and 70 lower UTI). After adjusting for age and gender, plasma NGAL levels were higher in the APN group than in the lower UTI group (233 (129-496) ng/ml vs. 71 (50.8-110) ng/ml, P < 0.001). NGAL levels were correlated with the serum levels of leukocytes, C-reactive protein, and creatinine, as well as fever duration (P < 0.05). Multivariable analysis revealed that logtransformed plasma NGAL was an independent predictor of APN (P < 0.05). Receiver operating curve analysis showed a good diagnostic profile of NGAL for identifying APN (area under the curve 0.864) with a best cut-off value of 102.5 ng/ml. The NGAL levels in both two groups decreased after treatment compared to levels before treatment (P < 0.001). conclusion: Plasma NGAL can be a sensitive predictor for identifying APN and monitoring the treatment response of pediatric UTI. u rinary tract infections (UTIs) are among the most common bacterial infections in children (1). Early detection and proper management of UTIs is important since UTIs involving the kidney may cause permanent renal scarring and be a risk factor for future development of renal insufficiency (2). Establishing the diagnosis of acute pyelonephritis (APN) requires imaging with 99m Tc-dimercaptosuccinic acid (DMSA) scintigraphy to view renal parenchymal involvement (3). Although a DMSA scan is considered to be very sensitive in the assessment of renal damage, it is expensive, not readily available in all centers, and exposes the patients to radiation (4). Therefore, a more practical and accessible tool to determine the presence of renal parenchymal involvement could be helpful for the timely management of UTIs.
u rinary tract infections (UTIs) are among the most common bacterial infections in children (1) . Early detection and proper management of UTIs is important since UTIs involving the kidney may cause permanent renal scarring and be a risk factor for future development of renal insufficiency (2) . Establishing the diagnosis of acute pyelonephritis (APN) requires imaging with 99m Tc-dimercaptosuccinic acid (DMSA) scintigraphy to view renal parenchymal involvement (3) . Although a DMSA scan is considered to be very sensitive in the assessment of renal damage, it is expensive, not readily available in all centers, and exposes the patients to radiation (4) . Therefore, a more practical and accessible tool to determine the presence of renal parenchymal involvement could be helpful for the timely management of UTIs.
Neutrophil gelatinase-associated lipocalin (NGAL), as a member of the lipocalin superfamily, is produced from the nephron in response to tubular epithelial damage (5) . It has been identified as one of the earliest and potentially one of the most indicative biomarkers of acute kidney injury (AKI) from a diverse array of conditions and can differentiate between prerenal and intrinsic causes (6, 7) . Urinary NGAL (uNGAL) levels increase in patients with different causes of nephropathies (8, 9) and might be a valuable tool in monitoring the treatment response of various renal diseases (10, 11) .
As an iron-carrier protein derived from human neutrophils, NGAL also plays an important role in the innate immune response to bacterial infection (12) . Experimentally, NGAL was capable of blocking Escherichia coli growth under ironpoor conditions, but NGAL with siderophore iron was not (13) . NGAL-knockout mice demonstrated substantially increased mortality after intraperitoneal infection with E. coli (12) . In humans, plasma NGAL has been reported to be a useful predictor for distinguishing acute bacterial infections from viral infections in populations from newborns to adults (14) (15) (16) . Recent studies have also shown a possible association between increased NGAL levels and UTIs. Ichino et al. (17) demonstrated experimentally that uNGAL levels in rats increased in both the early and extensive fibrosis stages of pyelonephritis, suggesting that uNGAL might also be useful as a marker of APN and renal scarring in humans. Indeed, we, and other investigators, have demonstrated that uNGAL can be a useful predictor for detecting UTIs in children (1, 18) . In patients with febrile UTIs, increased uNGAL levels were related to UTI severity, and levels decreased following antibiotic treatment. The study results suggested that uNGAL could be more accurate than other biomarkers, such as urinary kidney injury molecule-1 and serum cystatin C, for diagnosing and assessing febrile UTIs (18) . In our preliminary study, increased plasma NGAL levels were also highly associated with febrile UTIs in infants aged 1-12 mo (19) . However, few studies have addressed whether NGAL has promise for detecting APN in patients with UTIs, and further research is required to define NGAL's role in routine clinical practice.
The objectives of this study were to assess whether plasma NGAL could be a promising diagnostic biomarker of renal parenchymal involvement in children with symptomatic UTI and to determine the correlation with other parameters Among 195 patients with UTIs, 72 were excluded and 123 were enrolled with their first episode of symptomatic UTI (Figure 1) . Fifty-three patients were included in the APN group and 70 patients in the lower UTI group. There was no difference in the median age between the two groups. There was a higher distribution of males in the lower UTI group (APN vs. lower UTI, 56.6 vs. 74.3%, P < 0.05). After adjusting for age and gender, serum levels of leukocyte counts, C-reactive protein (CRP), and creatinine (Cr) were significantly higher in the APN group compared to those in the lower UTI group (P < 0.05). No patients had specific signs or symptoms of AKI. Fever duration before antibiotic treatment was longer in the APN group than the lower UTI group (P < 0.05). There was no difference in the presence of hydronephrosis and vesicoureteral reflux (VUR) between the two groups. Twenty-five of 53 patients with APN underwent a follow-up DMSA scan 5-6 mo after the study, and 9 patients had persistent abnormalities, suggesting renal scarring ( Table 1) .
NGAL Quantification
After adjusting for age and gender, plasma NGAL levels were significantly higher in patients with APN than in those with lower UTI (233 (interquartile range (IQR) = 129-496) ng/ ml vs. 71 (IQR = 50.8-110) ng/ml, P < 0.001). Between 4 and 5 d after antibiotic treatment, the median plasma NGAL levels significantly decreased in both groups (APN 233 (IQR = 129-496) ng/ml vs. 88.5 (IQR = 62.5-119) ng/ml; lower UTI 71 (IQR = 50.8-110) ng/ml vs. 42 (IQR = 32-65) ng/ml, P < 0.001). The median plasma NGAL levels after antibiotic treatment were also higher in patients with APN than in those with lower UTIs (P < 0.001) (Figure 2a) . The comparisons of log-transformed plasma NGAL levels between the two groups showed similar findings with those of plasma NGAL levels (Figure 2b) . Log plasma NGAL levels were strongly correlated with log-transformed serum CRP concentrations, the serum levels of leukocytes and Cr, and fever duration before admission, respectively (all P < 0.05) (Figure 3a-d ). There were no differences in plasma NGAL levels between patients with and without scars and between those with and without VUR (data not shown).
Univariate and Multivariate Logistic Regression Analyses
Univariate analysis identified several clinical variables associated with the presence of APN, as shown in Table 2 . Gender, fever duration before antibiotic treatment, serum white blood cells (WBCs), serum Cr, log-transformed serum CRP, and log-transformed plasma NGAL were significant; however, in a multivariate stepwise logistic regression analysis, only logtransformed plasma NGAL (P = 0.007) and serum leukocyte counts (P = 0.04) were retained as significant predictors of APN ( Table 2) .
Receiver Operating Curve (ROC) Analyses
ROC analyses were performed to define the diagnostic profile of plasma NGAL in patients with UTIs. According to ROC analysis, the optimal cut-off level for predicting APN with plasma NGAL was 102.5 ng/ml. Using this cutoff value, the plasma NGAL had a sensitivity of 89.1% and (Figure 4b-d) . The cut-off values of CRP, leukocytes, and Cr for a diagnosis of APN were 3.86 mg/dl, 16,555/ mm 3 , and 0.33 mg/dl respectively. Among these parameters, plasma NGAL had the highest AUC value. The AUC difference between NGAL and CRP was not significant (P = 0.56), whereas the AUC differences between NGAL and WBC and between NGAL and Cr were statistically significant (all P < 0.05) (Figure 4e ).
DISCUSSION
The differentiation between APN and lower UTI is very important because renal parenchymal involvement can induce permanent renal scars that may lead to hypertension and chronic renal failure (2) . However, the diagnosis of APN is still a challenge. Although DMSA renal scan is a valid tool for confirming the diagnosis of APN in children (3), the routine use of imaging for localization of UTI is not recommended (20) . Furthermore, in adults, APN is differently defined with regard to imaging or clinical criteria and information on the relationship between imaging and clinical data is limited (21) . The literature demonstrates that different diagnostic and treatment pathways are followed for adults compared with children even though Talner and et al. underlined the importance of standardizing the definition of APN about 20 y ago (22, 23) . The quest to improve accurate rapid diagnosis of APN is an area of intense research (24) .
In the present study, plasma NGAL levels were significantly higher in children with APN than in those with lower UTIs and the levels in the APN and lower UTI groups decreased after antibiotic treatment compared to levels before treatment. Log plasma NGAL also significantly correlated with other parameters, including log serum CRP, serum levels of leukocyte counts and Cr, as well as fever duration before admission. Multivariate logistic regression analysis revealed that log plasma NGAL was an independent predictor of APN. These findings suggest that plasma NGAL could be a promising biomarker for detecting APN and monitoring the treatment response of pediatric UTI.
NGAL is a 25 kDa protein originally purified from human neutrophils (25) . It is considered a specific marker of neutrophil activity and a strong bacteriostatic agent, as it involves the antibacterial iron-depletion strategy of the innate immune system (13, 26) . NGAL is expressed at low levels in normal organs and increases in injured epithelia, including in the lung, colon, and especially in the kidney (11, 27, 28) . The levels of NGAL are not raised in healthy full-term newborns at birth, but neutrophils from newborns, even premature infants, have been able to rapidly release NGAL upon bacterial or fungal stimulation in vivo (15) . In children hospitalized with symptoms and signs of acute infections, NGAL is notably increased at admittance with bacterial infection than viral infection, suggesting that NGAL could be a valuable diagnostic marker for differentiating between acute bacterial and viral infections (16) . It is, therefore, not surprising that we found a significant increase in urine and blood NGAL levels in children with UTIs (18, 19) . Further, we observed that plasma NGAL levels could differentiate APN from a lower UTI and predict the treatment response of pediatric UTIs. In accordance with our findings, renal NGAL mRNA and protein levels have been shown to increase soon after bacterial injections in an experimental rat UTI model (17) . Hatipoglu et al. (29) showed significantly higher levels of urine matrix metalloproteinase-9/NGAL/ Cr in children with UTIs compared to those in children with contaminated urine. The urine matrix metalloproteinase-9/ NGAL/Cr levels in children with UTIs were diminished after (1) also demonstrated that uNGAL levels were higher in the UTI group than the control group. However, Piccoli et al. (30) reported conflicting data for using uNGAL levels to detect APN in 50 adult patients. While no statistical difference in uNGAL levels was found between patients with and without APN, the median uNGAL tended to be higher in patients with magnetic resonance-proven APN. NGAL is also emerging as an excellent urine and plasma biomarker for early prediction, monitoring, and determining the prognosis of AKI in several common clinical scenarios (5-7). It is transiently expressed in developing nephrons and induces the mesenchymal-epithelial transition, leading to the conversion of metanephric tissue into the glomeruli and proximal renal tubules (31) . Therefore, NGAL appears to play an important role in the repair and regeneration of kidney tubule cells after AKI. Both AKI and APN are characterized by acute, mostly tubulointerstitial kidney damage, although the damage is diffuse in AKI and limited to a section of the renal (30) . In adult patients with established AKI, uNGAL levels have been reported to effectively differentiate between prerenal and intrinsic AKI (7) . Likewise, we found in a previous study that urine and plasma NGAL levels could differentiate APN from a lower UTI in children with febrile UTIs (AUC-ROC 0.78 and 0.748, respectively) (18, 19) . The present study lends support to our previous findings, showing a higher AUC value for NGAL for differentiating between APN and lower UTI (AUC-ROC, 0.864). While both our previous and present studies raised the possibility that plasma NGAL levels reflected renal involvement even without evidence of AKI, the optimal cut-off values of plasma NGAL for diagnosing APN were somewhat different from our previous study. In the present study, the best cut-off value for predicting APN was 102.5 ng/ml with a sensitivity of 89% and a specificity of 71%, whereas in the previous study, the ideal cut-off value was 61.0 ng/ml with a sensitivity of 75% and a specificity of 78% (19) . Different sampling collection techniques might have caused these dissimilar results. Previously, the plasma NGAL levels were measured bedside, directly after addition of several drops of whole blood to a disposable device without using ethylenediaminetetraacetic acid (EDTA)-anticoagulated tubes (19) . In the present study, levels were measured in EDTAanticoagulated whole blood specimens using the Triage NGAL assay. A significant source of variation in NGAL levels likely arose in the period from sampling to measurement (between measuring in EDTA plasma and measuring by directly adding several drops of whole blood to the device). Similarly, a clinically important and statistically significant bias has been demonstrated between NGAL measured in EDTA plasma and serum in patients admitted to intensive care (32) . The suggested cut-off value of NGAL for APN in our present study could not be compared with the findings of other groups because data were unavailable. In critically ill children with septic shock, an optimal cut-off value for the prediction of AKI was 139 ng/ml (sensitivity 86%, specificity 39%, positive predictive value 39%, negative predictive value 94%) (33) . For the 2-h plasma NGAL measurement after pediatric cardiopulmonary bypass surgery, the AUC was 0.96, sensitivity was 84%, and specificity was 94% for prediction of AKI using a cut-off value of 150 ng/ml (34) .
Critically ill adult patients also showed a similar cut-off value of plasma NGAL for the prediction of AKI (35, 36) . Therefore, these findings suggest that, in some cases, the optimal cut-off value of plasma NGAL for predicting APN can be comparable to that determined for AKI. In the present study, gender, fever duration before antibiotic treatment, serum WBCs, serum Cr, log serum CRP, and log plasma NGAL were significantly associated with the presence of APN in the univariate analysis; however, in a multivariate stepwise logistic regression analysis, only log plasma NGAL Articles and serum leukocyte counts were remained as independent predictors of APN. Log plasma NGAL level showed the lowest P value among variables, and log serum CRP no longer remained a significant predictor for APN. We also found a positive correlation between levels of plasma NGAL and other laboratory and clinical parameters in patients with symptomatic UTIs. Log plasma NGAL levels were strongly correlated with log serum CRP, serum levels of leukocyte counts and Cr, as well as fever duration before admission. According to ROC analyses, serum levels of CRP, WBCs, and Cr were predictive for the presence of APN in patients with UTIs. The CRP AUC was not significantly different from that of plasma NGAL, but the AUCs of WBC and Cr were lower compared to the NGAL AUC. Therefore, increased NGAL, CRP, WBCs, and Cr in blood may suggest the presence of APN in children with UTIs. Among these variables, increased plasma NGAL could be the most important sensitive and direct marker of APN, indicating renal damage even in the presence of normal glomerular filtration. Notably, uNGAL/Cr was also significantly correlated with other biomarkers, such as kidney injury molecule-1 and cystatin C, as well as serum levels of CRP and WBC count in children with febrile UTIs (n = 73) (18) . These results are different from preliminary findings in our previous study. Relatively small numbers of enrolled patients (n = 47) in the previous study might be a plausible explanation for the difference between studies (19) . In this study, there were no differences in plasma NGAL levels between patients with and without scars or between those with and without VUR. This was consistent with our previous findings (18, 19) . Conflicting data have shown that uNGAL is elevated in patients with renal scarring compared to the level in those without scarring (1, 37) . In patients diagnosed with VUR without evidence of current UTI, uNGAL levels were also significantly higher compared to those in controls (37) . The acute infectious condition in our present study may have affected the results, and the small number of patients with VUR or renal scarring could be a limitation when trying to interpret and compare these different findings to other populations.
Taken together, early measurement of plasma NGAL levels could be very useful for identifying patients with renal involvement in symptomatic UTIs. The NGAL levels may also be a useful tool for predicting treatment response of children with UTIs. We may integrate these findings into the current management algorithms of pediatric UTIs. For example, the routine use of imaging for the localization of UTI could be excluded in children with low plasma NGAL levels. Increased plasma NGAL levels can be helpful in differentiating APN from a lower UTI in patients with UTIs. In patients with suspected UTI high NGAL levels would be also greatly helpful for early initiation of treatment and evaluation. Although the diagnosis of UTI is made on the basis of pyuria and quantitative urine culture results (20) , negative urine cultures are not uncommon in patients with UTIs. Levtchenko et al. (38) reported that 9% of 166 children had negative urine culture findings despite clinical and scintigraphic evidence of APN. Alarmingly, in different studies of adult patients hospitalized with a diagnosis of APN, urinary cultures were positive only in 23.5 and 30.7% of the patients, respectively (21, 39) . Furthermore, the selection of oral or intravenous antibiotics may be directed by plasma NGAL levels as well as the clinical course of the disease. In the longterm, performing voiding cystourethrogram could be reconsidered in cases with low plasma NGAL levels, as they suggest the presence of lower UTIs. Persistently high NGAL levels may be also related to insufficient treatment of symptomatic UTIs in children even without AKI. A follow-up DMSA scan could be highly recommended to exclude renal scarring in cases when the plasma NGAL elevation lasts for longer periods.
There were some limitations to this study. First, we did not have a baseline plasma NGAL level in healthy children. Second, this was a single-center study of pediatric patients with symptomatic UTIs during hospitalization. Although we enrolled children aged from 1 mo to 5 y, the median age of patients was less than 12 mo. Our results will need to be validated in a larger, multicenter, prospective study of various age groups. Third, a relatively small study population and the presence of acute infection may have been obstacles for the precise evaluation of plasma NGAL for predicting VUR and renal scarring.
Early identification of renal parenchymal involvement and timely initiation of treatment are invaluable for preventing renal injury in children with UTIs. In this study, we investigated the association between plasma NGAL, one of the most promising biomarkers for AKI, and APN in children with symptomatic UTIs. Our findings showed that plasma NGAL does have great promise for therapeutic monitoring and diagnostic value for the acute phase of APN in children even without AKI, but that plasma levels may not play significant roles for the prediction of renal scarring or the presence of VUR. Further investigations in a larger population are required to confirm the potential application of plasma NGAL levels for diagnosing and managing UTIs in children.
METHODS

Patients
This study was conducted at our Department of Pediatrics from October 2013 to September 2014. Children aged from 1 mo to 5 y with their first symptomatic UTI were considered for enrollment. Symptoms included a body temperature ≥ 38 °C, loin pain, gross hematuria, dysuria, or voiding frequency. If the following findings of UTI were present, UTI was diagnosed: pyuria (≥ 5 WBCs/high-power field) and positive urine cultures (pure growth of >10 5 organisms/ ml). Patients with UTIs were divided into an APN group and lower UTI group according to the presence of renal cortical defects on the DMSA scan. Patients with urinary tract anomalies, except VUR, or a history of previous UTIs were excluded. Urine samples for culture were obtained by catheterization or suprapubic aspiration for nontoilet-trained children and from a clean voided midstream for the other patients. This study was approved by our institutional review board before initiation. Written informed consent was obtained from the parents of each child before enrollment.
